Mechanically-Assisted Current-Induced Switching of the Magnetic Moment
  in a Torsional Oscillator by Cai, Liufei et al.
Mechanically-Assisted Current-Induced Switching of the Magnetic Moment in a
Torsional Oscillator
Liufei Cai1, Reem Jaafar2, and Eugene M. Chudnovsky1
1Physics Department, Lehman College, The City University of New York,
250 Bedford Park Boulevard West, Bronx, NY 10468-1589
2Department of Mathematics, Engineering and Computer Science,
LaGuardia Community College, The City University of New York,
31-10 Thomson Avenue, Long Island City, NY 11101
(Dated: October 16, 2018)
Switching of the direction of the magnetic moment in a nanomagnet is studied within a modified
Slonczewski’s model that permits torsional oscillations of the magnet. We show that the latter may
inhibit or assist the magnetization switching, depending on parameters. Three regimes have been
studied: the switching by torsional oscillations alone, the switching by the spin-polarized current
with torsional oscillations permitted, and the magnetization switching by the current combined with
the mechanical twist. We show that switching of the magnetic moment is possible in all three cases
and that allowing torsional oscillations of the magnet may have certain advantages for applications.
Phase diagrams are computed that show the range of parameters required for the switching.
PACS numbers: 85.85.+j; 77.80.Fm; 75.78.Jp
I. INTRODUCTION
The interest in spin dynamics operated by the electric
current started with the suggestion [1] to move domain
walls in metals by the flow of spin-polarized electrons [2].
The discovery of the interlayer exchange coupling and gi-
ant magnetoresistance in magnetic multilayers [3, 4] gave
further boost to research on current-induced switching
of magnetization. Slonczewski [5] and Berger [6] demon-
strated that a spin-polarized current could deliver a spin
transfer torque that is sufficient to reorient the magnetic
moment in a nanostructure. This suggestion triggered
a wide-spread research on magnetic devices operated by
spin-polarized currents [7]. The field has progressed to-
wards current-induced magnetization switching in the
smallest nanostructures, including nanowires.
The question we are addressing in this paper is whether
some degree of the mechanical freedom of the nanostruc-
ture would assist or inhibit the process of the magnetiza-
tion switching. This question may be of particular impor-
tance because electric currents needed to switch the mag-
netization are rather high. Meanwhile, as is well known,
the magnetization can be switched by the low amplitude
high-frequency ac magnetic field. When absorbed in a
resonant manner, it drives the magnetic moment up the
energy barrier towards the reversal [8]. The correspond-
ing wavelengths of the electromagnetic field are typically
in the centimeter range, making it difficult to selectively
apply this method to small densely packed memory units.
This prompted some researchers to use Josephson junc-
tions for generation of the ac field in a small magnet [9].
The latter method, however, requires low temperatures.
Our work is motivated by the observation that, in
the coordinate frame coupled to the magnetic anisotropy
axes, the rotational vibrations of a magnet are equiv-
alent to the ac magnetic field [10]. Consequently, for
nanomechanical resonators with vibrational frequencies
comparable to the frequency of the ferromagnetic reso-
nance, the effect of rotational vibrations can be similar
to the effect of the ac magnetic field. Unlike the ac field,
however, the mechanical vibrations can be localized at
the nanoscale.
The connection between the magnetization reversal
and mechanical rotation has been known for almost a
century. It is manifested in the Barnett and Einstein
- de Haas effects [11, 12]. Coupling of mechanical res-
onators to classical magnetic moments has been stud-
ied in the past in the context of magnetization reversal
in a thin magnetic film deposited on a microcantilever
[13] and nanomachines operated by the ac currents [14–
16]. Einstein - de Haas effect in a magnetic microcan-
tilever has been measured [17] and explained [18] by the
motion of a domain wall. Various aspects of the elec-
tronic transport through magnetic molecules have been
investigated together with the possibility of writing, stor-
ing, and reading spin information in memory devices
based upon single-molecule magnets [19]. Switching of
the molecular spin by a spin-polarized current through
a molecule bridged between conducting leads has been
proposed [20] and the effect of a soft vibrating mode of
the molecule on the electronic transport has been studied
[21]. Experiment has progressed to the measurement of
the spin reversal in a single-molecule magnet drafted on
a carbon nanotube [22, 23].
In this paper, we extend the model of Slonczewski [5]
for a situation when the magnet subjected to a spin-
polarized current is free to develop torsional oscillations.
Our focus is on the magnetization reversal by the dc cur-
rent, assisted by mechanical vibrations. Dynamics of the
total angular momentum, spin plus mechanical angular
momentum, makes this problem uniquely defined and
free of any unknown coupling constants [24]. The pa-
per is structured as follows. The model is formulated in
Section II. Mechanically assisted magnetization switch-
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2ing (MAMS) in the absence of the current is studied in
Section III. Switching by the current in a system that
permits torsional oscillations is investigated in Section
IV. Section V deals with the magnetization switching
assisted by both, the spin-polarized current and inde-
pendently generated torsional oscillations. Results and
possible implementations of the proposed mechanisms of
magnetization switching are discussed in Section VI.
II. FORMULATION OF THE PROBLEM
In the original formulation of the problem by Slon-
czewski the magnetic moment m of an uniaxial nano-
magnet is switched by a spin-polarized current I origi-
nating from a ferromagnet that has a fixed direction of
the magnetization M. The dynamics of m is governed
by the modified Landau-Lifshitz equation [25] called the
Slonczewski equation[5, 7],
m˙ = mˆ×
[
−γgHu(c ·m)c+ αm˙+ g(θ)µBI
e
mˆ× Mˆ
]
(1)
Here Hu is the magnitude of the uniaxial magnetic
anisotropy field, mˆ and Mˆ are unit vectors along m and
M, and c is the unit vector along the easy magnetization
axis. Parameters γg, α, µB , and e are respectively the
gyromagnetic ratio, the Gilbert damping, the Bohr mag-
neton, and the electron charge. Function g(θ) is given by
[5] g(θ) =
[−4 + (1 + P )3(3 + cosθ)/(4P 3/2)]−1 where θ
is the angle between m and M and P is the spin polar-
ization of the ferromagnetic material, 0 < P < 1.
Using spherical angles for the magnetic moment m
that undergoes the reversal, one can obtain from Eq. (1)
θ˙ =
[
g(θ)
µBI
em
− αγgHucosθ
]
sinθ (2)
where m is the absolute value of m.
For complete switching one should require
g(θ)µBI/(em) − αγgHucosθ > 0, which yields the
Slonczewski condition, I > Isc, for the magnetiza-
tion reversal, with the critical current Isc given by
Isc = k(P )α(m/µB)eωFMR. Here ωFMR = γgHu is
the frequency of the ferromagnetic resonance and k(P )
is the numerical factor of order unity that depends on
the spin polarization of the current. For iron P = 0.4
while some materials may have P close to one. If one
writes g(θ) = (A − Bcosθ)−1 then k(P ) = A2/(4B).
For the numerical work we are choosing P = 0.5, which
according to Eq. (2) corresponds to A = 3.16, B = 2.39,
k = 1.04.
The geometry of our model (not the actual propor-
tions) is depicted in Figure.1. It is conceptually simi-
lar to the Slonczewski’s model with the only difference
that the nanomagnet is now a part of a torsional oscilla-
tor. Consequently, the direction of its easy magnetization
axis c is allowed oscillate in space in accordance with the
FIG. 1: Schematic presentation of the geometry of the model
studied in the paper (actual dimensions may vary). Nano-
magnet is a part of a torsional resonator. Spin tranfer torque
delivered by the spin-polarized electric current causes rotation
of the magnetic moment that is coupled to the mechanical ro-
tation of the resonator through Einstein - de Haass effect.
coupled dynamics of the magnetic moment and the os-
cillator. The axis of the mechanical rotation is along the
xˆ direction. When the torsional oscillator rotates by the
angle ρ about the xˆ axis, the direction of the easy axis c
in Eq. (1) transforms as c(ρ) = R(ρ)c were R(ρ) is the
rotation matrix
R(ρ) =
 1 0 00 cos ρ −sin ρ
0 sin ρ cos ρ
 (3)
We choose the direction of the magnetization of the fer-
romagnetic source of the spin polarized current, M, to
be along the −zˆ direction and the equilibrium orienta-
tion of the easy axis c of the nanomagnet to be along the
zˆ direction. This gives
c(ρ) = (0,−sinρ, cosρ) (4)
c(ρ) ·m = mzcosρ−mysinρ (5)
Substituting this into Eq. (1) and writing m =
m(sinθcosφ, sinθsinφ, cosθ) we obtain
dθ
dt′
=
[
g(θ)I ′ − αφ˙
]
sinθ (6)
−sinρ cosφ(cosθ cosρ− sinρ sinθ sinφ)
dφ
dt′
=
αg(θ)I ′
1 + α2
+
1
1 + α2
(cosρ+ sinρ cotθ sinφ (7)
− αsinρ cosφ/sinθ) (cosθ cosρ− sinρ sinθ sinφ)
where we switched to dimensionless
t′ = ωFMRt, I ′ =
µB
m
I
eωFMR
, m′ =
m
m
(8)
The above equations for m must be accompanied by
the equation of motion for the torsional oscillator. The
latter follows from the equation J˙x = τx where J is the
3total angular momentum and τ is the torque. Their x-
components are given by
Jx = −mx
γg
+ Irρ˙ (9)
τx = −g(θ)µBI
eγg
mˆ× (Mˆ× mˆ) · xˆ− Irω20ρ (10)
respectively, where Ir is the moment of inertia of the ro-
tator and ω0 is the frequency of its torsional vibrations.
The first term in Eq. (9) is the spin angular momentum
and the second term is the mechanical angular momen-
tum. Similarly, the first term in Eq. (10) is the spin trans-
fer torque from polarized electrons and the second term is
the returning mechanical torque due to the elastic twist.
Here we are assuming that the latter is proportional to
the angle of twist ρ. Note that, in, e.g., nanowires this
assumption is justified even for large rotation angles [26].
The negative sign of m-terms is due to the fact that elec-
tron spin is opposite to the direction of the magnetization
(e and γg are considered to be positive constants.). In-
troducing the dimensionless damping parameter of the
torsional oscillator η we obtain from J˙x = τx
d2ρ
dt′2
+ ω′0η
dρ
dt′
+ ω′20 ρ =
1
I ′r
dm′x
dt′
− g(θ)I
′
I ′r
m′zm
′
x (11)
Here we use dimensionless parameters
ω′0 =
ω0
ωFMR
, I ′r =
γgωFMR
m
Ir (12)
Full dynamics of the system is described by equations
(6), (7), and (11). Note that when ρ = 0, equations (6)
and (7) reduce to Eq. (2).
III. MAGNETIZATION SWITCHING BY
TORSIONAL OSCILLATIONS IN THE ABSENCE
OF THE CURRENT
Numerical solution of equations (6), (7), and (11) at
I = 0 reveals that the magnetic moment can be switched
by the vibrational motion of the torsional oscillator alone
if the amplitude of the oscillations is sufficiently large.
We call such a process the Mechanically-Assisted Mag-
netization Switching (MAMS). To initiate MAMS one
twists the oscillator by a large angle, e.g., ρ0 = pi/2,
waits until m comes to thermal equilibrium by aligning
with the new direction of the anisotropy axis c, and then
releases the oscillator. The initial condition is, therefore,
θ0 = ρ0. We find that MAMS is not very sensitive to the
moment of inertia of the torsional oscillator but is sen-
sitive to its resonance frequency, its damping constant,
and the angle of twist, see Fig. 2. For every set of pa-
rameters the switching occurs in a certain range of the
mechanical damping η. It does not occur for very small
η or very large η.
Switching phase diagrams of ω′0 vs θ0, for I
′
r = 5 and
I ′r = 600, η = 0.1 and η = 0.01, are shown in Figs. 3 and
a
b
c
d
FIG. 2: Dynamics of the magnetic moment induced by the
pi/2 mechanical twist of the torsional oscillator in the absence
of spin polarized current for two moments of inertia, I ′ = 5
and I ′ = 600. Blue line shows oscillations of the magnetic mo-
ment projected onto the magnetic anisotropy axis, m′ ·R(ρ)zˆ.
Red line shows mechanical oscillations ρ(t′). (a,b) Magnetiza-
tion witching with damping η = 0.1; (c,d) No switching with
damping η = 0.01.
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b
FIG. 3: MAMS phase diagram, ω′0 vs θ0, for I
′
r = 5 and two
different values of η. The area of switching is shown by light
color.
4. Switching areas are depicted in light color. There are
continuous areas of switching as well as areas of sporadic
switching where the dynamics of the system is extremely
sensitive to the parameters. It is interesting to notice
that at ω′0 < 1 a higher mechanical damping, η = 0.1,
gives cleaner and faster switching than lower damping,
η = 0.01. This is also clear from Fig. 2. To confirm and
illustrate this observation we plot in Fig. 5 the dynamics
corresponding to the point of (0.9, 0.7) in Fig. 4(a).
The initial angle of twist ρ0 = θ0 = pi/2 is rather large
and one might look for alternative ways to induce MAMS.
One such way is to let the angle of twist oscillate for a
certain period of time (say, from t′ = 0 to t′ = Ti). This
corresponds to replacing the dynamics described by Eq.
(11) with ρ(t) = ρ0 cos(t) and then, at t
′ = Ti, letting
Eq. (11) govern the rest of the damped motion. In this
case, for each set of parameters, there is a window of ω′0
for which the switching occurs and it is possible to induce
the switching by smaller angles of twist, such as, e.g., pi/4
and pi/3.
The above dynamics that includes driven oscillation
a
b
FIG. 4: MAMS phase diagram, ω′0 vs θ0, for I
′
r = 600 and
two different values of η. The area of switching is shown by
light color.
followed by free oscillations produces well-defined areas
as well as scattered areas of the switching in the phase
diagram. For instance at I ′r = 5, η = 0.1, the switching
is possible at ρ0 = θ0 = pi/4 for 0.06 ≤ ω′0 ≤ 0.3 and
also near ω′0 = 0.32 and ω
′
0 = 0.33. If the damping η
is reduced to 0.01, the windows of switching are 0.07 ≤
ω′0 ≤ 0.35 and 0.38 ≤ ω′0 ≤ 0.48. At ρ0 = θ0 = pi/3,
the are two switching windows for 0.01 ≤ ω′0 ≤ 0.12
and 0.21 ≤ ω′0 ≤ 0.60. One also finds narrow areas of
switching near ω′0 = 0.14 and ω
′
0 = 0.62. When the twist
angle becomes very large (e.g. ρ0 = pi/2) the values of
ω′0 for which switching occurs become scattered.
For a larger moment of inertia I ′r = 600 it is possible
to induce switching by the driven oscillations followed by
free oscillations for angles smaller than pi/4. For instance,
if η = 0.1 one can induce switching with ρ0 = θ0 = pi/7
in a narrow interval of resonance frequencies 0.29 ≤ ω′0 ≤
0.36. This interval increases as ρ0 increases but remains
below ω′0 = 0.5 for angles of twist less than pi/3. At
ρ0 = θ0 = pi/3 the values of ω
′
0 for which switching occurs
are scattered between 0.01 and 0.72. Time dependence of
5FIG. 5: Dynamics of switching at a point ω′0 = 0.7 and
θ0 = 0.9 in the phase diagram shown in Fig.4(a).
a
b
FIG. 6: Plots of ρ(t) (red line) and magnetization in the
coordinate frame of the mechanical oscillator, m′ ·R(ρ)zˆ (blue
line), for different values of parameters. Driven oscillations at
t′ < 100 are followed by free damped oscillations at t′ > 100.
the mechanical twist and the magnetic moment for two
different sets of parameters is shown in Fig. 6.
IV. CURRENT-INDUCED MAGNETIZATION
SWITCHING IN A TORSIONAL OSCILATOR
In this Section we solve numerically equations (6), (7),
and (11) at a non-zero current assuming that mechani-
cal oscillation are generated by the current itself and not
by any external force as in the previous Section. As is
known [7], to obtain a non-trivial dynajmics that leads
to the magnetization reversal, one has to introduce small
a
b
FIG. 7: Switching phase diagrams for a current-driven mag-
netization reversal in a torsional oscillator. Switching area is
shown in light color.
misalighnment of the equilibrium orientations of M and
m, that we set at θ0 = 0.01. Switching phase diagrams of
I/Isc vs ω
′
0, are shown in Fig. 7 for I
′
r = 5 and I
′
r = 600
at η = 0.01. Switching areas are depicted in light color.
The areas of switching are continuous but with many
small islands embedded, where the switching does not
occur. In these plots the current required for the switch-
ing is compared with the Slonczewski’s critical current
Isc. Interestingly, for I
′
r = 5, that corresponds to a very
small nanomagnet comparable to a magnetic molecule,
the critical current is higher than Isc if ω
′
0 < 0.5. How-
ever, above this value of ω′0 there is a region where the
critical current required for the switching is lower than
the Slonczewski’s limit. At high resonance frequency
of the oscillator the critical current coincides with the
Slonczewski’s limit. For I ′r = 600 (as well as for higher
6a
b
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FIG. 8: Typical current-driven switching (non-switching) dy-
namics of the magnetic moment in the coordinate frame of
the oscillator, shown for three different sets of parameters.
moments of inertia studied) the critical current also co-
incides with the Slonczewski’s limit almost everywhere
except for a narrow region of ω′0 between 0.5 and 1. An-
other interesting observation is the presence of sporadic
non-switching islands down to the lowest values of ω′0 in
the phase diagram I/Isc vs ω
′
0 for a very light oscilla-
tor. This observation can be of practical importance for
current-induced magnetization switching in the smallest
nanomagnets because it implies that some degree of the
mechanical freedom may cause instability of the process.
Three typical switching (non-switching) dynamics cor-
responding to particular points in the I/Isc vs ω
′
0 phase
diagram are shown in Fig. 8. Comparison of switch-
ing speeds shows mixed results. In general, the switch-
ing speed in a small nanomagnet is lower than that in
a large nanomagnet except when the current is close to
the critical current or lower. This observation may ap-
pear counterintuitive. However, analysis of the equations
a
b
FIG. 9: MAMS phase diagrams for current driven magneti-
zation reversal accompanied by a mechanical kick.
shows that it is related to the fact that a heavier resonator
absorbs the change in the spin angular momentum faster.
V. SWITCHING BY THE CURRENT
COMBINED WITH A MECHANICAL KICK
The analysis presented in the previous two Sections
suggests that the maximum effect of the mechanical free-
dom of a nanomagnet may occur when the effect of the
current is combined with a mechanical kick that twists
the torsional oscillator by a significant angle. In this Sec-
tion we solve equations (6), (7), and (11) at a non-zero
current, assuming that ρ(t) is given by ρ0cos(t) (θ0 = ρ0)
from t′ = 0 to t′ = Ti and by Eq. (11) afterwards. Switch-
ing phase diagrams of I/Isc vs θ0 for I
′
r = 5 and I
′
r = 600
at η = 0.01 and ω′0 = 0.75 are shown in Fig. 9. There
are strong similarities between cases of light and heavy
7oscillators, suggesting that the effect is quite universal.
In agreement with previous results the switching occurs
at I > Isc in the absence of the mechanical kick (θ0 = 0).
Also in agreement with the results of Section III the
switching occurs in certain windows of θ0 even at I = 0.
This observation may have practical importance because
it shows the potential of MAMS for magnetization rever-
sal by a lower spin-polarized current. As the moment of
inertia increases, the width of the I = 0 switching re-
gion shrinks. At high θ0 the switching becomes sporadic
as a consequence of the chaotic dynamics with uncertain
outcome for mz at t→∞.
VI. DISCUSSION
We have studied the effect of torsional oscillations of
the magnet on the magnetization switching induced by
the spin-polarized electric current. Our motivation for
considering such a problem was two-fold. Firstly, appli-
cations of spin transfer torque require rather large cur-
rents. It is, therefore, natural to ask whether the process
can be assisted by other means. Secondly, with vari-
ous proposed designs of the magnetic memory operated
by spin-polarized currents, it is not out of question that
some magnetic elements would have a certain degree of
mechanical freedom. The question we asked is whether
mechanical vibrations inhibit or assist the magnetization
reversal. Throughout the paper our focus has been on the
mechanically assisted magnetization switching (MAMS)
that can reduce the minimal required current as com-
pared to the Slonczewski’s limit.
In Section III we have shown that a mechanical kick
alone, supplied to the oscillator, can switch the magne-
tization. In this case the effect of the mechanical oscil-
lations is equivalent to the effect of the ac field. Indeed,
the spins in the rotating coordinate frame of the res-
onator oscillating at an angular velocity ρ˙ experience the
effective ac magnetic field h = ρ˙/γg. Weak ac magnetic
fields are known to be capable of switching the magneti-
zation through consecuitive absorption of photons. They
transfer the angular momentum to the macrospin of the
nanomagnet and drive it up the anisotropy barrier until
the reversal occurs [8]. As we have seen in Section III,
torsional oscillations of the resonator have a similar ef-
fect on the magnetic moment. The conditions required
for the magnetization reversal are that the angle of twist
is suffiiently large and that the resonance frequency of the
mechanical oscillator is comparable to the frequency of
the ferromagnetic resonance. The mechanical frequency
of the torsional oscillator, ω0 =
√
k/Ir, depends on two
parameters, the torsion elastic modulus k and the mo-
ment of inertia Ir. The latter scales as the square of the
oscillator size. Thus, the condition ω0 ∼ ωFMR requires
nanoscale oscillators. Nowadays GHz nanomechanical
oscillators are common. Oscillation frequencies of hun-
dreds of GHz have been reported in carbon nanotubes
[27]. Even at lower frequencies, however, one observation
made in Section IV may be important for some of the ex-
isting devices that use spin-transfer torque to achieve the
magnetization reversal. We have seen in the switching
phase diagram that any degree of the mechanical free-
dom of the device may lead to its instability due to the
chaotic coupled dynamics of the magnetic moment and
the mechanical twist inside certain windows of the val-
ues of the parameters. This effect becomes progressively
weaker, however, as the oscillator becomes heavier.
In the absence of the spin transfer torque delivered
by the spin-polarized current, MAMS requires a large
oscillation angle ρ, which can be viewed as a trade-off
for a large current needed without the mechanical as-
sistance. The necessity of a large initial twist for the
MAMS unassisted by the current is easy to understand
by noticing that the effective ac magnetic field in the
coordinate frame of the oscillator is proportional to the
amplitude of the oscillations, h = ρ˙/γg ∼ ω0ρ/γg. In Sec-
tion V we have shown that combining the effect of the
spins-polarized current with the effect of high-frequency
mechanical oscillations one can reduce both, the crit-
ical current and the amplitude of the oscillations re-
quired for the switching. This observation suggests a
memory-switching nanodevice that is operated by both,
spin-polarized current and electromechanical actuation.
A fast mechanical twist can be supplied to the oscillator
through features used in the existing nanoelectromechan-
ical systems (NEMS), by, e.g., placing it in the electric
field and delivering a field pulse simultaneously with a
pulse of the spin-polarized electric current. While this
may be a challenging task at the nanoscale, the fast
progress of nanotechnology leaves no doubt about its fea-
sibility. The exact realization of the proposed combined
switching mechanism may be far from the one schemati-
cally depicted in Fig. 1. However, the equations derived
and solved in this paper are based upon general physical
principles and they should apply to a variety of situations
in which the dynamics of the magnetization is coupled
with the mechanical rotational motion.
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